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The ultrafast vibronic response of organic dye molecules in solution is studied in pump–probe
experiments with 30 fs excitation pulses resonant toS0–Sn transitions. The molecular dynamics is
probed either by pulses at the same spectral position or by 20 fs pulses overlapping with both the
S0–S1 absorption and emission bands. Three contributions on distinctly different time scales are
observed in the temporally and spectrally resolved two-color measurements. In the regime below 50
fs, a strong coherent coupling of theS0–Sn and theS0–S1 transitions occurs that is due to coherent
vibrational motions in the electronic ground state. This signal is superimposed on the fast bleaching
of the electronic ground state, resulting in a steplike increase of transmission. In the range of the
S0–S1 emission band, one finds a subsequent picosecond rise of transmission that is due to
stimulated emission from vibronicS1 states. The data demonstrate that the relaxation ofSn states
directly populated by the pump pulses is much faster than the buildup of stimulated emission. This
gives insight into different steps of intramolecular vibronic redistribution and is compared to the
Sn–S1 relaxation in other molecules. ©1996 American Institute of Physics.
@S0021-9606~96!02814-2#

I. INTRODUCTION

Elementary excitations of large molecules in liquids
show ultrafast relaxation dynamics that strongly influence
the electronic and vibrational spectra of the molecules. Dif-
ferent phenomena have been distinguished and characterized
in optical experiments: Optical excitation with coherent light
induces a coherent optical polarization of the molecules that
decays by phase-breaking interactions with the surround-
ing.1–10 For vibronic excitations, phase relaxation times in
the order of 10 to 60 fs have been measured by a variety of
techniques like time-resolved photon-echo spectroscopy3–7

or hole burning.2 In the simplest approach, this behavior has
been described by the optical Bloch equations introducing a
phenomenological phase relaxation timeT2. More sophisti-
cated models were used to interpret the experimental results
in terms of the solute–solvent interaction, i.e., a variation of
the vibronic transition frequency by fluctuations in the bath,
and have taken into account the non-Markovian character of
the bath response.6,7 For vibrational excitations, a consider-
ably slower decay of phase coherence was found, corre-
sponding to phase relaxation times of 0.5 ps up to several
picoseconds.8,9,11

The redistribution of vibronic and vibrational popula-
tions represents a second class of relaxation phenomena that
are important for the intramolecular equilibration of popula-
tion and for the transfer of energy from the solute to the
solvent.12 In the following, we concentrate on the relaxation
in electronically excited states. Vibronic relaxation was
mainly studied in the first excited singlet state and occurs in
most cases on a time scale well below 1 ps.1,12–14Redistri-
bution within the large manifold of states leads to an irre-
versible transfer of population by internal conversion from

states at higher energies to those close to the purely elec-
tronic S1 state.

This behavior was also found after excitation of high
lying singlet statesSn and is the basis of an empirical rule
formulated by Kasha stating that fluorescence originates
from the first excited singlet state.15A closer look shows that
Sn–S1 relaxation implies different processes. First, there is a
transfer of population from the optically coupled subset of
states to the dense manifold of other, nearly isoenergetic,
vibronic states which belong either to the same or to other
electronic states. The interaction between these two groups
of levels has been attributed to nonadiabatic coupling terms
in the molecular Hamiltonian. In the so-called statistical
limit, nonradiative transitions rates in large molecules have
been calculated from Fermi’s golden rule.16After the transfer
to this intramolecular bath, redistribution processes within
the vibronic manifold that include crossing of electronic po-
tential surfaces, lead to a rapid spreading of population over
many levels and—finally—to the accumulation at the bottom
of theS1 state. A theoretical description of the latter step is
very difficult for large systems because of the high number
of degrees of freedom involved in the overall relaxation.

Internal conversion from high-lying singlet states has
been studied in a few experiments on a time scale of 100
fs.17–19 In some cases, upper limits for the redistribution
times have been estimated from the pulse-limited response of
the molecules.17 For rhodamine and oxazine dyes, overall
redistribution times of about 200 fs were resolved in two-
color pump–probe studies, monitoring the onset of stimu-
lated emission fromS1.

18,19 However, a separation of the
different steps occurring along the relaxation pathway, in
particular during and immediately after excitation was not
possible because of the limited time resolution. In addition, a
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detailed theoretical description of such processes allowing a
quantitative analysis of the experiments is not yet available.
To get better insight into such phenomena, experiments with
higher time resolution are required which probe both the
initially excited manifold of states as well as the final levels
in the range of the electronicS1 state.

Very recently, we have reported the first two-color
pump–probe study of highly excited dye molecules in solu-
tion with a time resolution of 20 fs.20 Coherent interaction of
polarizations on vibronicS0–Sn andS0–S1 transitions was
observed and attributed to a coupling via coherent vibra-
tional motion in the electronic ground state. Molecules ex-
cited toSn levels showed a very fast bleaching of the ground
state and a slower picosecond accumulation at the bottom of
the S1 state, resulting in a delayed rise of stimulated emis-
sion. In this paper, we present new data on both the coherent
response and the latter step of radiationlessSn–S1 relax-
ation. Two-color pump–probe studies with 20 fs time reso-
lution were performed in wavelength ranges around 425 and
around 850 nm. The decay of the initially excitedSn states
and the buildup of the emission spectrum was monitored in
spectrally and temporally resolved experiments. The data
give evidence that the time evolution of initially excited vi-
bronic Sn states occurs in less than 50 fs which is much
faster than the accumulation of molecules at the bottom ofS1
that proceeds with time constants of about 1 ps. These results
allow us to distinguish different processes of ultrafast vi-
bronic relaxation.

The paper is organized as follows. After a brief descrip-
tion of the experimental techniques in Sec. II, we present
results of the different pump–probe experiments~Sec. III!.
The interpretation of our data is discussed in Sec. IV, includ-
ing a comparison to other work on the ultrafast response of
large molecules in solution. Finally, we give a brief summary
in Sec. V.

II. EXPERIMENTAL TECHNIQUES

The pump and probe pulses used in our experiments are
derived from a self-mode-locked Ti:sapphire laser pumped
by a continuous-wave argon ion laser. The mode-locked os-
cillator with a cavity design similar to Refs. 21 and 22 pro-
vides trains of 20 fs pulses centered at 850 nm with a rep-
etition rate of about 90 MHz and an average power of up to
800 mW ~pump power 8 W!. The spectral profile of these
pulses is plotted in Fig. 1.

Excitation pulses at 425 nm are generated by frequency
doubling the main fraction of the laser output.23 After pass-
ing the output coupler of the laser, the fundamental pulse
train is recompressed and focused with af575 mm lens onto
a 400mm thick BBO crystal. The second harmonic with an
average power of up to 40 mW is recollimated with af550
mm lens and travels through a second prism compressor.
After recompression, the pulse duration was 30 fs. The spec-
trum of the blue pulses is shown in Fig. 1, the bandwidth
~FWHM! has a value of 11 nm.

In the pump–probe experiments, either a small fraction
of the fundamental laser output or a weak part of the second

harmonic serve as probe pulses. In the two-color experi-
ments, pump and probe beams travel collinearly and are fo-
cused with af575 mm lens onto the sample, resulting in a
spot size of about 30mm. In the measurements with probe
pulses at 425 nm, pump and probe beam subtend a small
angle of about 5 deg. In the different experiments, the ratio
of pump to probe intensity was between 100:1 and 1000:1
and the polarization of pump and probe was parallel. Both
pulses are precompensated in compressors made of fused
silica prisms in order to achieve minimal pulse length at the
sample. The pulse lengths were routinely monitored by auto-
and cross-correlation measurements at the sample position
with 100mm thick KDP and BBO crystals, respectively.

After separation from the pump light, the transmitted
infrared probe beam is passed through af5250 mm mono-
chromator and detected by a silicon photodiode either inte-
grally ~zeroth order of the monochromator! or spectrally re-
solved with a bandwidth of 10 nm. The blue probe beam is
directly monitored with a photomultiplier. To obtain a high
signal-to-background ratio, the pump beam is modulated by
a mechanical chopper and the transmission changes of the
probe are measured with a lock-in amplifier.

Commercially available IR125 was dissolved in ethylene
glycol with a concentration of 531024 M. A free jet of the
dye solution with a thickness of 70mm was used in order to
minimize thermal effects in the sample. The maximum ab-
sorbance of the sample was 0.6~at theS0–S1 absorption
maximum!, resulting in negligible reshaping of the spectra of
pump and probe pulses, i.e., propagation effects due to
changes of the pulse spectra are not relevant in our experi-
ments. In the measurements, a small fraction of the mol-
ecules~about 1023! in the irradiated volume of the sample
are excited toSn states by each individual pulse. For this
weak excitation, cumulative pump–probe signals which are
caused by the combined interaction of successive pump
pulses~separation 11 ns! with the sample, can be neglected.
This conclusion is confirmed by measurements with different

FIG. 1. Absorption~solid line! and fluorescence spectra~dashed line! of the
dye IR 125 dissolved in ethylene glycol. The molar extinction coefficient
and the fluorescence intensity are plotted as a function of wavelength. The
spectra show a small Stokes shift of about 430 cm21 and an approximate
mirror symmetry. The spectral profiles of the 30 fs excitation pulses centered
at 425 nm and the 20 fs probe pulses at 850 nm are shown on the abscissa.
The insert gives a schematic energy level diagram of the molecules.
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flow speeds of the dye jet, i.e., exchange rates of sample
volume that give identical results.

III. EXPERIMENTAL RESULTS

The absorption and emission spectra of IR125 dissolved
in ethylene glycol are displayed in Fig. 1. TheS0–S1 absorp-
tion band and theS1–S0 emission band show a relatively
small Stokes shift of 430 cm21 and are close to mirror sym-
metry. This behavior differs significantly from other dye
molecules emitting in the near-infrared, e.g., styryles, and
points to a relatively rigid molecular structure in which the
modes coupling to theS0–S1 transition undergo minor
changes of their frequency or Franck–Condon factor upon
electronic excitation to theS1 state. TheS0–S1 transition
shows a very high molar extinction coefficient~maximum
value 23105 dm3 mol21 cm21! whereas theS0–Sn transi-
tions pumped by the excitation pulses in the time-resolved
experiments are considerably weaker.

In the following, we present data measured with probe
pulses atlpr5425 or 850 nm. In the latter case, the full probe
spectrum overlaps with both the absorption and emission of
the S0–S1 transition. In Fig. 2, the time resolved transmis-
sion changesDT/T05(T2T0)/T0 measured with spectrally
integrated probe pulses are plotted as a function of time de-
lay between pump and probe~T,T0: transmission of the
sample with and without excitation!. The data recorded at
lpr5425 nm ~upper trace: open circles! show a very short
spike around delay zero which is superimposed onto a step-

like increase of transmission extending well into the picosec-
ond regime. In the upper inset, the signal during the first 200
fs is plotted on an expanded scale, demonstrating that the fast
transmission peak is essentially pulse limited. It is observed
in measurements with parallel polarization of pump and
probe pulses and decreases significantly for orthogonal po-
larization. This finding points to the coherent character of
this contribution which is related to the third order nonlin-
earity of the dye molecules.

The second transient in the lower part of Fig. 2~solid
circles! was measured with a spectrally integrated probe
pulses centered at 850 nm. After a very fast initial rise of the
signal that occurs on a similar time scale as the coherent
spike in the 425 nm data, a much slower increase of trans-
mission is observed. The signal reaches a maximum after
about 3 ps and decays subsequently with the lifetime of the
S1 state of 460 ps. This latter value was measured in an
independent experiment with picosecond excitation of the
molecules at 684 nm and streak camera detection of the re-
sulting fluorescence. It should be noted that the picosecond
rise of the signal is absent in the time-resolved data taken at
425 nm.
Much better insight into the different contributions to the
transmission signal is gained by spectrally resolving the
probe pulses in the two-color experiment. In Fig. 3, the time-
resolved response is plotted for 10 nm wide spectral compo-
nents of the probe between 800 and 890 nm. The data for the
first 200 fs @Fig. 3~a!# exhibit a fast coherent contribution,

FIG. 2. Time resolved pump–probe data measured with 30 fs excitation at
425 nm. The change of transmissionDT/T05(T2T0)/T0 is shown as a
function of delay time~T,T0: transmission of the sample with and without
excitation!. The upper trace~open circles! was recorded with probe pulses at
425 nm. The lower transient~solid circles! was measured with the spectrally
integrated probe at 850 nm. In the inserts, the initial parts of both curves are
plotted on an expanded time scale.

FIG. 3. Spectrally and temporally resolved transmission changes plotted on
a ~a! femtosecond and~b! picosecond time scale~excitation wavelength 425
nm!. The probe pulses centered at 850 nm were spectrally dispersed after
interaction with the sample~detection bandwidth 10 nm!. The transients in
~a! show a coherent component at early times and a steplike increase of
transmission in the range of theS0–S1 absorption band. The picosecond rise
in ~b! follows a kinetics with a common rise time of 1.2 ps~solid lines! at
the different spectral positions and is due to increasing stimulated emission
from theS1 state.
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the shape of which depends on the specific spectral position,
and—at the shorter wavelengths—a steplike increase of
transmission. The coherent component is related to a Raman-
type excitation of the electronic ground state20 as will be
discussed below, whereas the steplike transmission change is
due to the~incoherent! bleaching of the electronic ground
state.

Substantial changes of the coherent signal occur when a
finite frequency chirp of the pump pulse is introduced. In
Fig. 4, we present spectrally resolved pump–probe data at
lpr5800 nm for pump pulses with positive chirp, i.e., in-
creasing frequency with time@solid circles in Figs. 4~a!, and
4~b!# negative chirp@open circles in Fig. 4~b!# compared to
data without chirp@solid lines in Figs. 4~a! and ~b!#. The
desired linear chirp of the pump pulses has been introduced
by changing the alignment of a prism compressor which had
been calibrated by introducing defined pieces of fused silica
glass into the optical path. With negligible chirp, one ob-
serves a sharp peaklike structure of positive sign. After chirp-
ing the pump pulses, a broadening of the femtosecond rise is
found for both~a! up and~b! down chirp which is due to the
pulse lengthening by chirping. In addition, we observe a
weakening of the peaklike structure around delay zero which
is more pronounced for the positive chirp@solid circles in
Fig. 4~a!# than for the negative chirp@open circles in Fig.
4~b!#.

At the spectral edges of the probe pulses, the transient
data exhibit an oscillatory behavior on a time scale much

longer than the cross-correlation width. Spectrally dispersed
data at~a! 800 nm and~b! 820 nm are shown in Fig. 5. To
emphasize these oscillations we subtracted the calculated
solid lines in Fig. 5 from our time-resolved data~solid
circles!. The calculation, which is based on a rate equation
model, simulates the incoherent molecular response by a first
instantaneous rise of transmission and a consequent delayed
component with a rise time of 1.2 ps. The lower traces~solid
lines! on the left hand side of Figs. 5~a! and 5~b! represent
the extracted oscillations. The Fourier transforms of these
time traces are plotted on the right hand side of Fig. 5. At the
short-wave edge of the probe pulses@Figs. 5~a! 800 nm and
5~b! 820 nm# one recognizes a similar pattern in the low
frequency part of the Fourier spectra~0 to 200 cm21!. As will
be discussed below, these oscillations are due to a coherent
vibrational motion in the electronic ground state of the mol-
ecule caused by a Raman-type excitation by the pump
pulses.

The spectrally resolved data taken for picosecond delay
times@Fig. 3~b!# show the same slow rise of transmission as
the spectrally integrated measurement in Fig. 2. Within the
experimental accuracy, the rise occurs with the same time
constant of 1.2 ps~solid lines: monoexponential fits! at the
different wavelengths. From the full set of time-resolved
data, we derived the transient spectra presented in Figs. 6~a!
and 6~b! ~symbols!. The fast bleaching component at a delay
time of 80 fs is shown in Fig. 6~a!. The transient gain spectra
@shown in Fig. 6~b!# were calculated from the amplitudes of
the overall transmission change at a fixed delay time by sub-
tracting the bleaching component observed at 80 fs. The gain
spectra are normalized to the maximum signal observed after
5 ps. Solid lines are included for each delay time as a guide

FIG. 4. Temporally and spectrally resolved data at a probe wavelength of
800 nm measured with chirped and unchirped excitation pulses at 425 nm.
The linear positive chirp, i.e., increasing frequency with time@solid circles
in ~a!#, and negative chirp@open circles in~b!# of the pump pulses was
introduced by changing the alignment of a prism compressor. In both cases,
a broadening of the signal rise observed with unchirped pulses~solid lines!
is found which is due to the associated pulse lengthening. The peaklike
structure around delay zero is more pronounced for pump pulses with nega-
tive than with positive chirp.

FIG. 5. Spectrally dispersed transient data at the short wavelength edge of
the probe pulses. Both at~a! 800 nm and~b! 820 nm an oscillatory behavior
is observed on a time scale outside pump–probe coincidence. On the left
hand side, the time-resolved data are shown as solid circles. The solid line is
a simulation of the steplike increase at early times and the picosecond rise of
the signal. The downwards shifted traces~solid lines! represent the data
minus simulation curves@cf. Fig. 3~b!#. The corresponding Fourier trans-
form plots~FFT! of the data-minus-simulation traces are shown on the right-
hand side.
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to the eye. For comparison, theS0–S1 absorption band@solid
line in Fig. 6~a!# and the spectrum of stimulated emission
@solid experimental line in Fig. 6~b!# are shown. The latter
was calculated from the experimentally observed spontane-
ous emission spectrum. The transient gain spectra follow es-
sentially the steady state emission spectrum. However, there
is a blue shift of approximately 10 nm compared to the
steady state emission band. This result is related to the rela-
tively slow solvation of the excited molecules in the polar
solvent ethylene glycol as will be discussed below.

IV. DISCUSSION

The experimental results are now discussed by analyzing
the time-resolved data on the different time scales separately.
For the two-color experiment the transient signal consists of
several components:~1! coherent oscillatory contributions
around delay zero~250 fs,tdelay,150 fs! and much weaker
coherent oscillations at later times,~2! bleaching due to the
depletion of the electronic ground stateS0, ~3! stimulated
emission after accumulation of excited molecules at the bot-
tom of theS1 state,~4! solvation in ethylene glycol, and~5!
fluorescence decay of theS1 state. The transient signal of the
one-color experiment displays a very short spike around zero
delay and steplike ground state bleaching.

A. Coherent contributions

Both the one-color transient recorded with probe pulses
at 425 nm~upper trace in Fig. 2! and the two-color pump-
probe data~Fig. 3! exhibit coherent features around delay
zero. At some spectral positions, oscillations persist into the
picosecond regime.

~i! One-color experiment at 425 nm: The pulse-limited
transmission peak in the one-color data is present for parallel
polarizations of pump and probe but decreases substantially
for orthogonal polarizations. This points to the coherent char-
acter of this signal which is dominated by the nonlinear co-
herent coupling of pump and probe pulses. Degenerate four-
wave-mixing ~DFWM! in the geometry of slightly crossed
beams makes the strongest contribution to this signal. Within
the electronic dephasing time of theS0–Sn transition, a tran-
sient grating is formed by pump and probe pulses in second
order through which part of the pump wave is diffracted into
the probe direction and enhances the probe intensity. In ad-
dition, there may be coherent contributions due to a pump
interaction perturbed free induction decay~PFID! of the co-
herent polarization created by the probe wave.24 In the case
of a small detuning with respect to the pure electronic tran-
sition, these terms lead to a transmission peak and oscilla-
tions around delay zero~referred to as detuning oscillations
in Refs. 25–27!.

~ii ! Two-color experiment: The very fast oscillatory fea-
ture in the spectrally resolved data~left hand side of Fig. 3!
is due to the coherent motion of a vibrational wave packet in
the electronic ground stateS0 that is excited by the pump
pulse via resonant impulsive stimulated Raman scattering
~RISRS!.10,20 A first interaction of the electric field of the
pump pulse with theS0–Sn transition creates a coherent
electronic polarization between the two potential surfaces
~but no population change!. In terms of wave packet dynam-
ics, this is equivalent to a projection of a vibrational wave
packet consisting of the modes which couple to the elec-
tronic transition from theS0 to theSn potential surface.

10,28

There, it propagates according to the vibrational Hamiltonian
of the respective electronic stateSn while the coherent
S0–Sn excitation is damped with the electronic dephasing
timeT2,el'10–60 fs. WithinT2,el, a second interaction of the
pump pulse with coherently excited molecules projects the
displaced vibrational wave packet back to the potential sur-
face of the electronic ground state creating a coherent vibra-
tional motion inS0. Effective impulsive Raman excitation is
made possible by the large bandwidth of pump pulses~700
cm21!. The vibrational modes most efficiently excited by an
impulsive Raman process have frequencies within this 700
cm21 range.

The multidimensional vibrational wave packet propagat-
ing in theS0 state broadens rapidly and is eventually damped
by vibrational dephasing of the individual modes with time
constantsT2,vib of 0.2 to 2 ps. The spreading of the wave
packet on a 50 fs time scale is due to~i! the different time
evolution of the modes involved according to their vibra-
tional frequencies, and~ii ! to initial phase shifts that result
from the different shifts of the excited state potential minima

FIG. 6. ~a! Steady state absorption spectrum~solid line! of IR 125. The solid
circles show the ground state bleaching observed 80 fs after the pump pulse
@cf. Fig. 3~a!#. ~b! Steady state~solid experimental line extending from 780
to 910 nm! and transient emission spectra of IR 125. The transient spectra
were derived from the spectrally and temporally resolved measurements on
the picosecond time scale@cf. Fig. 3~b!# and reveal the buildup of stimulated
emission from theS1 state. Smooth solid lines are given for each time delay
as a guide to the eye. The blueshift of the band for 5 ps~solid squares!
compared to the steady state spectrum is due to the incomplete solvation of
the excited molecules in the polar solvent ethylene glycol, occurring on a
slower time scale.
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along the different vibrational modes. The wave packet rep-
resents a nonstationary perturbation of the ground state vi-
brational wave function10,29which is visualized via the probe
pulses resonant to theS0–S1 transition. Mediated by the co-
ordinate dependent distance between theS1 andS0 potential
surfaces, the evolution of this nonstationary perturbation is
mapped out by the various frequency components of the
probe pulses@Fig. 3~a!#. The bottom of theS0 potential sur-
face is monitored by the short-wave edge of the probe band-
width whereas the longwave edge is due to transitions in the
displaced wave packet region. This causes an enhanced
transmission from 800 to 820 nm and a pronounced induced
absorption from 840 to 890 nm as shown in Fig. 3~a!.

The initial wave packet dynamics induced by RISRS can
be controlled by a chirp on the pump pulses. As shown in
Figs. 4~a! and 4~b!, we observe a distinct dependence of the
peaklike signal around delay zero on the chirp of the pump
pulses. In comparison to the curves with negligible chirp
~solid lines!, data recorded with pump pulses of negative
chirp @open circles in Fig. 4~b!# exhibit a stronger coherent
Raman-type excitation than the data with opposite chirp of
the same magnitude@solid circles in Fig. 4~a!#. This behavior
can be easily understood in terms of wave packet dynamics.
The excited wave packet on theSn potential surface propa-
gates along the vibrational coordinates, in general, from re-
gions of largerSn–S0 separation to a region with a smaller
separation. Consequently, excitation pulses with negative
chirp couple coherently to theSn–S0 transition longer than
pulses of opposite chirp. The longer interaction time leads to
a tighter focusing of the wave packet in the electronic ground
state which is tantamount to a more pronounced coherent
Raman-type excitation. A similar result was reported recently
for one-color experiments on the dye LD690.30

Additional recurrences of wave packet propagation at
later delay times are strongly damped in the time-resolved
data due to the rapid spreading discussed above. Neverthe-
less, the spectrally and time resolved data in Figs. 5~a! to
5~c! which were recorded at the spectral edges of the probe
pulses, show an oscillatory behavior on a longer time scale.
As described in Ref. 31, the observed phenomenon is due to
an amplification effect of oscillations in the nonlinear third
order polarization at the edges of both the probe spectrum
and theS0–S1 absorption spectrum. By subtracting the simu-
lated curves of the picosecond kinetics, we extracted the os-
cillatory traces which are shown as solid curves below the
original data on the left-hand side of Figs. 5~a! and~b!. The
Fourier transforms of these oscillations which are displayed
on the right-hand side of Fig. 5, reveal strong resonances at
low frequencies of 50 and 170 cm21. These resonances are
due to vibrational modes of the molecule or of the molecule–
solvent system with particularly long dephasing times
~T2

vib>0.5 to 2 ps!.
In principle, the vibrational modes coupling to the

S0–Sn and theS0–S1 transitions can be identified by reso-
nance Raman spectroscopy at the respective spectral posi-
tions. Suppression of a strong background due to fluores-
cence from the dye molecules and/or impurities in the
sample were the main experimental problems in recording

such spectra. We therefore recorded Raman data under non-
resonant conditions. Figure 7 shows the Raman spectrum of
a 1023 M solution of IR125 in ethylene glycol after excita-
tion with a continuous-wave Nd:YAG laser~l51064 nm!.
The raw spectrum contains contributions from both the dye
fluorescence and the Raman scattering of the solvent. By
comparison of spectra measured for various dye concentra-
tions, the Raman spectrum of the dye molecules shown in
Fig. 7 was deduced. About 20 lines of comparable strength
are found in the frequency range from 600 to 1700 cm21.
The spectrum of Fig. 7 is close to the Raman spectrum of
IR125 adsorbed on graphite for fluorescence quenching.32

The latter was measured with excitation at 784 nm, fully
resonant to theS0–S1 transition. A second spectrum re-
corded with excitation at 514 nm, i.e., preresonant to higher
lying singlet states, contains a subset of about ten lines
present in the Raman spectrum measured in resonance with
theS0–S1 transition. We conclude from the Raman data that
vibrational wave packets created by RISRS in the electronic
ground state are made up of a relatively large number of
medium to high frequency modes, leading to the rapid
spreading on the ground state potential hypersurface as
found in our time-resolved measurements. This situation is
quite similar to the one found in previous picosecond work.33

In these experiments wave packets with contributions from
many coupled vibronic eigenstates in anthracene were ex-
cited and the transient signals showed an initial decay with
nearly pulse limited shape. Consequently, small oscillatory
signals with an amplitude of less than 10% of the total signal
were seen.

Recently, both time resolved pump–probe recordings9

and resonance Raman spectra were reported for nile blue34

and malachite green.35 Nile blue shows persistent regular
oscillations in the time trace with one single Fourier compo-
nent at 586 cm21. A mode at 590 cm21 is found to dominate
the resonance Raman spectrum. For malachite green a very
irregular structure is found in the pump–probe trace that de-
creases to less than half of the maximum signal within 100

FIG. 7. Raman spectrum of a 1023 M solution of IR 125 in ethylene glycol
after excitation with the 1064 nm light of a cw Nd:YAG laser. The raw
Raman spectrum contained large contributions from solvent scattering and
dye fluorescence. These were subtracted to obtain the spectrum shown.
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fs. At the same time, the resonance Raman spectrum displays
a multitude of lines similar to IR125. This comparison nicely
supports the notions discussed above for the explanation of
the fast damping of the oscillatory signal components.

It is important to note that our two-color experiments
allow the selective study of coherent wave packet motion in
the electronic ground state. This fact is in contrast to various
other pump–probe experiments on the 10 fs and longer time
scales4,9 where the ultrashort pump and probe pulses are at a
common wavelength and ground and excited state dynamics
is not separable. Furthermore, the use of well-separated ex-
citation and probe wavelengths reduces the number of con-
tributions to the third-order optical response of the molecules
significantly. As a result, effects like coherent detuning
oscillations25–27 can be completely neglected.

B. Bleaching due to ground state depletion

After delay times of about 100 fs the coherent contribu-
tions to the signals are strongly damped and subsequent tran-
sient signals are therefore governed by incoherent dynamics.
The latter is due to molecules excited to vibronicSn levels.
The time resolved pump probe data at 425 nm~upper trace in
Fig. 2! show an essentially constant transmission increase for
delay times.100 fs. The absence of any dynamics in the
subpicosecond or picosecond regime gives evidence that the
steplike transmission increase has to be attributed exclu-
sively to ground state depletion. Ground state bleaching is
also observed in the two-color experiment. The spectrum of
this signal which is shown in Fig. 6~a! for a delay time of 80
fs ~solid circles! has been determined quantitatively from the
measured amplitude of the signal, the concentration of ex-
cited molecules, and the sample thickness. The error of the
absolute values is about620%. By comparison the relative
uncertainty of data at different spectral positions is negli-
gible. The transient bleaching follows exactly the stationary
absorption band of unexcited molecules~solid line!. This
very good agreement demonstrates that excited state absorp-
tion from S1 to higher singlet levels is negligible in this
spectral range. The bleaching is a constant contribution to the
overall signal on the picosecond time scale and eventually
decays with theS1 lifetime of 460 ps.

C. Stimulated emission from Sn and evolution of the
S1 emission band

~i! One-color experiment at 425 nm: A possible contri-
bution of stimulated emission from excited electronic states
Sn to the pump probe signal~upper trace in Fig. 2! might
only occur within the first 50 fs temporally overlapping with
the coherent effects discussed above. In terms of wave
packet dynamics on the excited potential surface, this pro-
cess is equivalent to a fast movement and/or spreading of the
excited wave packet away from the optically coupled
Franck–Condon region of theS0–Sn transition. Any devia-
tion of the ground and excited state potential surfaces from
the idealized displaced harmonic oscillator model~i.e., linear
electron–phonon coupling! leads—already during the excita-
tion process—to a fast propagation of the multidimensional

wave packet into other regions of the potential
hypersurface.36 Furthermore, redistribution of vibrational ex-
citation within theSn vibrational manifold which is caused
by anharmonic interactions and internal conversion pro-
cesses to other excited electronic states, deplete the optically
coupled Franck–Condon region of theS0–Sn transition.
Such processes quench the stimulated emission from the ini-
tially excitedSn states on a time scale shorter than about 50
fs and suppress recurrences of the wave packet.

~ii ! In the two-color experiment, the subsequent time
evolution of theSn population is monitored via stimulated
emission from vibronicS1 states, showing a delayed rise
with a time constant of 1.2 ps. The gain at the different
spectral positions follows the same kinetics, as can be seen
from the data in Fig. 3~b!. The transient emission bands plot-
ted in Fig. 6~b! were derived from the total transmission
change at fixed delay time by subtracting the amplitude of
ground state bleaching at a delay time of 80 fs@Fig. 6~a!#.
Within the experimental accuracy, the emission spectrum de-
velops without shifting or changing its shape.

A number of relaxation steps are responsible for the de-
layed rise of stimulated emission fromS1 levels. First, popu-
lation is transferred from the initially excitedSn states to
vibronic S1 levels by internal conversion processes. This re-
laxation is governed by the nonadiabatic coupling between
different excited electronic states and can proceed either by
sequential stepsSn2Sn21.....2S1 or by direct coupling be-
tween the initially excited states and theS1 manifold. Our
data give no detailed insight into the different pathways.
However, the fact that the initialSn population disappears
much faster than the build-up ofS1 population demonstrates
that the depopulation of the directly excitedSn states is not
the rate-limiting step inSn–S1 relaxation. Intramolecular re-
distribution towards a quasiequilibrium distribution of vi-
bronicS1 populations and energy transfer from the dye mol-
ecules to the surrounding solvent represent a second class of
relaxation processes determining the onset of stimulated
emission. The absence of any reshaping of the emission
spectrum@cf. Fig. 6~b!# suggests that there is no significant
nonequilibrium excitation of the vibrational modes coupling
to the electronicS1–S0 transition.

To get some information on the electronic states possibly
involved in theSn–S1 relaxation and on the position of the
different electronic transitions, quantum-chemical calcula-
tions based on a ZINDO method were performed for IR125
and oxazine 1.37 For IR125, the photon energy of the excita-
tion pulses is close to theS7 level. The calculated spectra
show five groups of absorption lines at 320, 370, 450, 500,
and 750 nm. This pattern is in qualitative agreement with the
position of resonances in the absorption spectrum of Fig. 1.

In a sequential scheme forSn–S1 internal conversion,
theS2–S1 relaxation represents the final step. For IR125, the
calculation gives a large energy gap between theS2 andS1
state of about 5700 cm21. In contrast, the calculatedS2–S1
separation in oxazine 1 has a smaller value of 3000 cm21.
The time constants ofS1 population as determined from the
onset of stimulated emission are 1.2 ps for IR125 and 200 fs
for oxazine 1.18 The pronounced decrease of the relaxation
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time for a smallerS2–S1 gap is in qualitative agreement with
semiempirical energy gap laws38,39 which predict an expo-
nential decrease of the relaxation time for smaller energy
gaps. Thus the differentSn–S1 relaxation rates of IR125 and
oxazine 1 might be related to the rate-limitingS2–S1 internal
conversion.

D. Solvation in ethylene glycol

A closer inspection of the transient emission spectra
@Fig. 6~b!# points to an incomplete relaxation at a delay time
of 5 ps. A comparison with the stationary spectrum of stimu-
lated emission~solid line! shows that the final position of the
emission spectrum is shifted by 10 nm towards longer wave-
lengths. This redshift is due to the polar solvation process in
ethylene glycol. The rearrangement of the solvent molecules
in response to the changed charge distribution~electronic
wave function! of the solute after excitation leads to a low-
ering of the energy of the entire system, solute and solvent,
resulting in a redshifted emission band. A value of 100 ps
was reported for the solvation time of ethylene glycol at
room temperature,40 i.e., the solvation of IR 125 is not yet
complete within the 10 ps time window considered in our
experiment.

V. SUMMARY

In conclusion, we investigated the coherent and incoher-
ent dynamics of large dye molecules~IR 125! in solution on
time scales from 20 fs to 5 ps in temporally and spectrally
resolved pump–probe experiments. The molecules are ex-
cited with 30 fs pulses at 425 nm which couple the electronic
ground stateS0 to higher lying singlet statesSn ~n'7!. With
probe pulses of the same wavelength we observe, during
pump–probe coincidence, a coherent peaklike response su-
perimposed onto a steplike bleaching signal which is due to
depletion of the electronic ground state remaining constant
within the S1 lifetime. Temporally and spectrally resolved
experiments were also performed with 20 fs probe pulses
resonant to both theS1–S0 absorption and emission band. In
part of the molecules, excitation resonant withS0–Sn transi-
tions induces a coherent vibrational excitation in the elec-
tronic ground state by a resonantly enhanced impulsive Ra-
man process. The coherent ground state dynamics is
monitored via fast oscillations of theS1–S0 absorption band.
The coherently excited oscillations extend at some spectral
positions into the picosecond time regime and were en-
hanced or weakened by chirping of the pump pulses. Mol-
ecules excited toSn levels show a steplike bleaching of the
S1–S0 absorption due to depletion of the electronic ground
state which exactly follows the stationary absorption band.
After intramolecularSn–S1 relaxation, stimulatedS1–S0
emission occurs with a rise time of 1.2 ps. This is much
slower than the relaxation of the initially excitedSn states.
The corresponding emission band, which is monitored via
transient gain spectra, develops within the first 5 ps without
changing its shape. On a slower picosecond time scale, the

emission undergoes a 10 nm redshift caused by solvation in
the solvent ethylene glycol. The emission from theS1 state
decays with a lifetime of 460 ps.
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